A series of heteroepitaxial Ba x Sr 1Ϫx TiO 3 thin films with composition xϭ0.50 were deposited on ͑001͒ MgO substrates by pulsed-laser deposition. The thickness of the films was varied from 14 to 500 nm to produce a systematically decreasing level of in-plane tensile stresses. The microstructural and crystallographic features of the films were determined via transmission electron microscopy and x-ray diffraction. A theoretical treatment of the in-plane misfit strain as a function of film thickness is in agreement with the measured out-of-plane lattice parameters. Electrical measurements indicate a drop in the dielectric constant from 2350 for highly stressed thin films to 1700 for relaxed thicker films. The variation in the dielectric constant with the misfit strain is in accordance with a thermodynamic model developed. The relationship between the dielectric constant and electric field is also described by extending the thermodynamic model and taking the effect of electric field into account. A new definition of tunability is adopted to study the effect of strain on tunability. Ferroelectric thin films based on Ba x Sr 1Ϫx TiO 3 ͑BST͒ solid solutions are potential candidates for applications in frequency-agile microwave electronic components due to their large field-dependent dielectric constant.
Ferroelectric thin films based on Ba x Sr 1Ϫx TiO 3 ͑BST͒ solid solutions are potential candidates for applications in frequency-agile microwave electronic components due to their large field-dependent dielectric constant.
1-3 However, compared to bulk BST samples, the dielectric properties and nonlinearity of epitaxial thin films are markedly worse. 4, 5 In a recent study, 6 we have shown experimentally and theoretically that the relative dielectric constant 11 of epitaxial BST films is strongly dependent on internal stresses and defect structure. In our thermodynamic model, 6 the dependence of the in-plane dielectric constant 11 on tensile and compressive stresses produce opposite trends. In practice, MgO substrates ͑NaCl structure, lattice parameter a S ϭ0.4212 nm͒ are generally used to produce tensile stress in BST films. However, the film quality usually degrades as it gets thinner, especially on MgO substrate. By carefully managing the deposition parameters, we have successfully grown a series of high quality BST thin films on MgO substrates with film thicknesses ranging from 14 to 500 nm. The predicted trend in the dielectric constant as a function of the misfit between the film and the substrate was observed.
͑001͒ BST films of composition xϭ0.5 were deposited on ͑001͒ MgO substrates. A 248 nm excimer pulsed laser deposition ͑PLD͒ system was used to grow the BST films. The substrate temperature was held at 800°C during deposition in a pressure of 120 mTorr O 2 . A laser fluence of 1.5 J/cm 2 was used, corresponding to a growth rate of 0.08 nm/s. Dielectric measurements were performed using a conventional interdigital electrode ͑IDE͒ method consisting of 50 fingers separated by a 15 m gap. Each finger had a width of 25 m and a length of roughly 0.70 cm.
-2 XRD scans revealed only ͑001͒-type reflections;
typical full width at half maximum ͑FWHM͒ of rocking curve scans for ͑002͒ reflections of our films are about 0.45°. A similar investigation of ͑011͒ reveals a surprisingly small value of 0.68°. These values compare favorably with others reported in the literature for heteroepitaxial BST on MgO substrates. 7, 8 These XRD together with TEM results ͑not shown͒ demonstrate high crystallinity of our BST films.
The out-of-plane lattice constants a Ќ for all films are shown as a function of film thickness in Fig. 1 . The lattice parameter of the target was also measured (a 0 ϭ0.395 01 nm) which will be used as the unconstrained reference state ͑shown as the dotted line in Fig. 1͒ . It can be seen that the out-of-plane lattice constant a Ќ is the smallest for the thinnest film and it gradually relaxes towards the reference state as the film thickness increases and saturates at a value slightly above it. The theoretical values of the outof-plane lattice parameters were calculated 6, 9 and plotted in 
FIG. 1. Evolution of a
Ќ as a function of film thickness. Also shown is the theoretical curve ͑solid line͒. The straight dotted line represents the a Ќ value for the ceramic target used for deposition.
APPLIED PHYSICS LETTERS VOLUME 78, NUMBER 16 16 APRIL 2001 thermal stresses developing due to the difference in the thermal expansion coefficients of the film and the substrate ͑10.5ϫ10 Ϫ6 and 13.8ϫ10 Ϫ6 /°C, respectively͒ as the film is cooled down. This is reflected in both the experimental and the theoretical values of the out-of-plane lattice parameter of the film.
Capacitance measurements at 1 MHz were made as a function of dc bias from 0 to 40 V for the BST films. The permittivity was extracted from the capacitance data using the model outlined by Gevorgian. 10 We extracted from the relative dielectric constant versus applied voltage curves the zero field value and plotted it as a function of film thickness ͓Fig. 2͑a͔͒. As the solid line suggests, the dielectric constant increases rapidly with decreasing thicknesses below 100 nm. 11 saturates for the thicker films at a value of about 1700. This trend is just the opposite of that seen on BST thin films under compression. 6 Based on the thermodynamic model, the small signal in-plane dielectric constant is given as:
where 0 is the permittivity of free space, x M is the in-plane misfit strain, ␣ 1 ϭ(TϪT C )/2 0 C is the dielectric stiffness, T C and C are the Curie temperature and constant, respectively, C ϭC 11 ϩC 12 Ϫ2C 12 2 /C 11 , C i j are elastic moduli at fixed polarization, and Q i j are electrostrictive coefficients. We plot the 1/ 11 data from Fig. 2͑a͒ versus strain in Fig.  2͑b͒ . The linear fit indicates that the above expression predicts reasonably the trend observed experimentally in thin films ͑for typical perovskite oxides such as PbTiO 3 and BaTiO 3 , C , Q 11 ϩQ 12 , and ␣ 1 above T C are positive͒. It shows that the film is in the paraelectric state, as it was suggested by Shaw, 11 rather than in ferroelectric state. 12 Equation ͑1͒ only calculates the dielectric constant at zero field and does not show how the dielectric constant changes with electrical field and ultimately, the relationship between strain and tunability. Generally, tunability is defined as 11 (max)Ϫ 11 (min)]/ 11 (max) or 11 (0 V)Ϫ 11 (min)]/ 11 (0 V); 13,14 11 (max)/ 11 (min) is also used by other authors. 15 Obviously the results calculated by these definitions depend on the magnitude of applied field and the configuration of the electrodes used. Thus, a universally comparable definition of tunability may be desirable to carry out meaningful comparisons.
To analyze the field dependance of the dielectric constant, consider the Helmholtz free energy of a constrained film
where P is the polarization induced by the electric field E along the ͓100͔ direction, 11 as a function of film thickness. The solid line is a guide to the eye; ͑b͒ 1/ 11 as a function of strain. The straight line is the fitting according to Eq. ͑1͒.
We plot the 11 and ‫ץ‬ 11 /‫ץ‬E versus the electric field from Eqs. ͑3͒ and ͑4͒ in Fig. 3͑a͒ , and a set of typical experimental data from one of the BST films in Fig. 3͑b͒ . It can be seen from Figs. 3͑a͒ and 3͑b͒ that except for the small hysteresis in the experimental data, the curves predicted by theory and the experimental curves are similar, indicating the validity of our calculations. From Eq. ͑4͒ and Fig. 3 , we notice that the nonlinearity ‫ץ‬ 11 /‫ץ‬E is also a function of the electric field. So in order to compare the tunability from different samples under different electric fields, we define the tunability as ‫ץ(‬ 11 /‫ץ‬E) max . By setting the second derivative of epsilon equal to zero, we arrive at the equation:
.
͑5͒
The in-plane misfit strain x M is included in ␣ as ␣ϭ␣ 1 Ϫ2C x M (Q 11 ϩQ 12 ). We have determined the value of ␣ from the fitting in Fig. 2͑b͒ ; while the value of ␤ for BST ͑50/50͒ is ϳ3.35ϫ10 9 J m 5 C Ϫ4 . 16 We plot the conventional tunability ͓ 11 (max)Ϫ 11 (min)͔/ 11 (max)] versus strain in Fig. 4͑a͒ and both theory and experimental ‫ץ(‬ 11 /‫ץ‬E) max versus strain curves in Fig. 4͑b͒ . Several points enter the compressive strain region because of the difference in thermal expansion coefficient as mentioned above. It can be seen that Fig. 4͑b͒ is very different from Fig. 4͑a͒ . The conventional tunability decreases with increasing strain, as the dashed lines in Fig. 4͑a͒ suggest. In contrast, ‫ץ(‬ 11 /‫ץ‬E) max more or less follows the trend described by Eq. ͑5͒; however, the details of the fit need to be better understood, including the uniformity of the electric field distribution. This is in progress and will be published in later work.
In summary, a series of heteroepitaxial BST thin films of thicknesses varying from 14 to 500 nm were prepared on MgO substrates to produce systematically decreasing tensile in-plane stresses in the films. The dielectric constants increase with increasing in-plane tensile stress and they are in good agreement with theoretically predicted behavior. We also derived the relationship between the dielectric constant and electric field using thermodynamic theory. In addition, we define tunability as ‫)‪E‬ץ/ץ(‬ max and the experimental data are analyzed using this new definition. 
